In one of the earliest mechanistic studies, Lange et a!. (4) showed that treating chloroform solutions of cholesterol with equivalent amounts of perchioric or hexafluorophosphoric acid resulted in the formation of colorless sterolium salts. These salts hydrolyzed instantaneously on contact with an excess of water, givingquantitative recoveryofthe added cholesterol. Addition of acid in excess of the stoichiometric amount resulted in slow dissolution of the colorless crystals, followed by formation of purple products that were considered to be halochromic salts of cholestadiene. Degradation of these products was thought to occur through formation of polymerized dieneoid hydrocarbons, with the trimer being the highest polymer observed. Subsequent studies by Dulou et al. (5) and by Brieskorn and Capuano (6) suggested that the initial step in the L-B reaction was the dehydration of cholesterol to form cholestadiene, which dimerized to bis-cholestadiene. The final product was believed to be the monosulfonated dimer. Later studies by Watanabe (7) supported this hypothesis; he isolated a 3,3'-bis-3,5-cholestadiene by column chromatography from a concentrated L-B reaction mixture. However, a subsequent paper by Brieskorn and Hofmann (8) indicated that dimer formation was not the principal reaction in the L-.B system and that a more probable mechanism involved the oxidation of cholesterol to a conjugated pentaene. It is at this stage that efforts to elucidate the mechanism of the L-B reaction appear to have stopped.
N2.
In contrast to the investigations of the L-B reaction, little, if any, systematic study has been made of the mechanism of the Zak reaction. The brief mention (9) that the reaction appears to be oxidative is apparently the only reported information on the nature of this color reaction.
We have quantitatively measured SO2 and Fe2+
formation as a functionof reactiontime, to demonstrate that the L-B and Zak reactions have similar oxidative mechanisms. These data, in conjunction with solvent extraction, uv-visible spectrophotometry, and mass spectrometric measurements show that these oxidation reactions lead to the formation of a series of conjugated cholestapolyenes. Moreover, evidence is presented that shows that the colored species comprising these two systems are the corresponding enylic carbonium ions of the respective conjugated polyenes. On the basis of these studies, we propose that the red product typically measured in the Zak reaction with Amax at 563 nm is a cholestatetraenylic cation while the blue-green product in the L-B reaction with Amax near 620 nm is a pentaenylic cation.
Materials and Methods1
Reagents Solutions of cholesterol were prepared from National Bureau of Standards high-purity cholesterol (NBS SRM 911).
3,3'-bis-3,5-Cholestadiene was obtained from Columbia Organic Chemicals Co., Columbia, S. C. 29209.
2,4-and 3,5-Cholestadiene, 5,7-cholestadien-3fl-ol, and 7-cholesten-3i3-ol were purchased from Steraloids, Inc., Pawling, N. Y. 12564. Eppendorf pipets (Brinkmann Instruments, Westbury, N. Y. 11590) were used for all microliter-scale transfers.
Extractions were performed in 60-and 125-ml separatory funnels equipped with Teflon stopcocks and stoppers (Kontes Glass, Vineland, N. J. 08360).
The 30-ml midget impingers forcollection of SO2 were also obtained from Kontes Glass, Vineland, N. J.
08360.

Procedures
Determination of sulfur dioxide.
Sulfur dioxide produced in the L-B reaction was determined spectrophotometrically with pararosaniline. This procedure, developed by West and Gaeke (10) , was subsequently perfected by Scaringelli et al. (11) for determinations of SO2 in air. Figure 1 shows a schematic diagram of the apparatus used in our study for generating and collecting SO2. The pear-shaped reaction vessel was made from a 10-ml separatory funnel to which was attached a side-arm bubbling tube that extended to approximately 3 mm from the bottom of the vessel. This vessel was connected in series with two midget impingers, each filled with 10 ml of potassium tetrachloromercurate S02-absorbing solution (40 mmol/ liter) (11 Initial experiments in which three impingers were used indicatedthat 98% of the SO2 was collected in the firstimpinger while no SO2 was found in the third impinger. Accordingly, we used only two impingersinsubsequentexperiments.
Determination of Fe2+ formed in the Zak reaction. The acid conditionsand Fe3+ concentration used for carrying out the Zak reactionwere thosespecified by Boutwell (12) : a glacialaceticacid to sulfuric acid ratio of 1.5:1 and a 4.4 x 10 mol/liter Fe3 concentration. A 50-200 tl aliquot of a standard solution of cholesterol (1 mg/ml in acetic acid) was added to 13 ml of this mixture in a 60-ml separatory funnel.
The contents of the funnel were quickly mixed by vigorous shaking. One-milliliter aliquots were taken at prescribed intervals over a period of 0 .5-5 h, to be analyzed for Fe2.
The spectrophotometric bathophenanthroline procedure described by Pollock and Miguel (13) was used to determine Fe2+ in the presence of Fe3+. The key featurein thismodifiedprocedureisthe addition of phosphate ion which complexes Fe3+ and so effectively removes it from the Fe2+_Fe3+ equilibrium. Failureto use thismasking reaction will lead to high results for Fe2+, because the reagents used in the spectrophotometricprocedure also reduce FeS+ to Fe2.
Extraction studies. After initial tests with a series of solvents, cyclohexane was selected for subsequent study of the extraction of cholesterol and its reaction products because of its superior transmission in the ultraviolet. We used two variations in the fundamental procedure. In the first, cholesterol in acetic acid was added directly to variousmixtures of aceticand sulfuric acids, which were then extracted with cyclohexane.
In the second, cholesterol was dissolved in cyclohexane and this solution was equilibrated with the acid mixtures by mechanical shaking.
Results and Discussion
In both the L-B and Zak reactions, our data indicate that cholesterol is oxidized in steps, with each oxidationstepyieldinga cholestapolyene having one more double bond than the compound from which it was derived. Further evidence is presented to show that the active oxidants in these two systems are SO3 and Fe3+, respectively, and that measurement of the corresponding reduction products-i.e., SO2 and Fe2+_can yield valuable information regarding the rates and relative efficiencies of these two reactions. Such 4.18 #{176} In Tables 1-3 , "equivalent ratio" refers to the ratio of num ber of equivalents of SO, or Fe2 found to the number of equiv.
alents of cholesterol added. the conditions used, the conversion of cholesterol to the requisite cholestapolyene (four generated double bonds) is, at best, only one-seventh complete. Similar data are shown for the Zak reaction in Table 2 . Again, a 0.5-h reaction time is optimum for spectrophotometric measurement. In this case, however, the conversion of cholesterol to the appropriate cholestapolyene (three double bonds generated) is potentially 100% efficient.
The data in Table 3 show that the equivalent ratios calculated for the L-B and Zak reactions are constant over fourfold changes in cholesterol concentration.
Such reproducibility definitely implies that the reaction pathways are more explicit than previously expected. In addition, the constancy of these equivalent ratios also indicates that these color systems should obey Beer's law; that they in fact do so has been well established.
As further evidence of the stepwise nature of the oxidation processes, it will be helpful to examine more closely the absorbance characteristics of the Zak reaction. This reaction was chosen in preference to the L-B system because it better illustrates the significant points. A series of absorbance spectra, obtained over a period of about 1 h for a typical Zak reaction, is shown in Figure 2 . Three absorbance peaks are observed, with Amax at 412, 478, and 563 nm. The peaks at 478 and 563 nm have been described in an earlier paper (12) ; the 412-nm peak, however, has not been reported previously. This initial peak disappears after the first few minutes of the reaction and can best be observed by making either of the following modifications to the fundamental procedure: (a) by carrying out the reaction in a solution containing a lower proportion of acetic to sulfuric acid, i.e., 1:1 HOAc/H2S04 rather thap the 1.5:1 ratio usually used, or (b) by lowering the temperature of the reaction to 10#{176}C. The serial nature of
nm converting to a 478-nm absorbing species which, in turn, yields the peak at 563 nm that is routinely measured. As discussed in a subsequent paper (14) , the rates of these reactions are strongly temperature dependent, increasing rapidly with increasing temperature.
The data presented thus far suggest that the products observed in the Zak reactions are carbonium ions formed by the successive protonation of the homologous series of cholestapolyenes proposed previously in this report. This theory was strengthened by noting the close similarity between our observations and the spectral data reported by Sorensen (15) for a homologous series of aliphatic polyenylic cations. In the latter study, the structures of the parent polyenes and their corresponding carbonium ions were proven unequivocally by NMR and ultraviolet spectroscopy. These data in conjunction with our equivalent ratio, solvent extraction, ultraviolet-visible and mass-spectrometric measurements have led to the mechanisms proposed in Figure 3 for the Zak and L-B color reactions with cholesterol. According to these two mechanisms, both reactions have a common initiation step, i.e. protonation of the -OH group in cholesterol and subsequent loss of water to
give the carbonium ion of 3,5-cholestadiene.
Evidence will be presented subsequently that indicates that formation of this species is the first step in the color reactions. Serial oxidation of this allylic carbonium ion by either Fe3 or SO3 yields the cholestapolyene carbonium ions shown, together with equivalent amounts of Fe2+ or SO2. Notably, no cationic species are given in Figure 3 for the L-B system, in going from the allylic to the pentaenylic cation, because none were observed spectrally under the experimental conditions. The acidity of the L-B reaction is relatively low, however, and thus would not normally favor stable carbonium ion formation. The ability to observe the pentaenylic species can therefore be attributed to two factors: (a) sufficiently extended conjugation, and, perhaps more importantly (b) the stabilizing effect of the terminal cyclopentyl ring, as reported by Sorensen (15) .
Observed and calculated values of the absorbance maxima are reported for each of the structures shown in Figure 3 . The calculated values were obtained from Sorensen's empirical equation (16) : Xmax = 319.5 + 76.5n where, for our purposes, n ranges from 1 (dienylic cation) to 4 (pentaenylic cation).
Having established the sequences of reactions in Figure 3 , it is worthwhile to re-examine the usefulness of the equivalent ratio measurements discussed previously. To do so it must be noted that maximum absorbances of the peaks at 563 and 620 nm of the Zak and L-B reactions are obtained typically in 30-40 mm at 25#{176}C. In the Zak reaction it is seen that the generation of the desired tetraenylic cation requires the formation of three additional double bonds in the cholesterol molecule. Reference to Table 2 shows that after the reaction has proceeded for 30 mm, an equivalent ratio of Fe2 to cholesterol of 3.07 is obtained, indicating that within this time the formation of the tetraenylic cation is potentially quantitative.
On the other hand, the equivalent ratio of SO2 to cholesterol obtained in the L-B reaction after 30 mm is only 0.62 (Table 1 ). This ratio is substantially less than the minimum value of 4 required for complete conversion of cholesterol to the pentaenylic cation. On this basis the L-B procedure would be expected to yield about one-seventh the concentration of the product desired for spectrophotometric measurement, as compared to the Zak reaction. Assuming similar molar absorptivities for the two colored species, this difference would account for the well-known fact that the Zak procedure is about sevenfold as sensitive as the L-B method. This increased sensitivity may be attributed largely to the stabilizing effect on enylic cation formation of the higher sulfuric acid concentration.
In general, increasing the sulfuric acid concentration would be expected to improve the stability of each of the carbonium ions formed in the stepwise oxidation of cholesterol, thereby making it much more likely that one could observe carbonium ion formation in the Zak reaction than in the L-B reaction. This hypothesis agrees well with the fact that we saw no absorbance peaks in the visible spectrum of the L-B mixture preceding the appearance of the 620-nm peak normally measured. The subsequent conversion of the compound absorbing at 620 nm to the product absorbing at 410 nm ( Figure 3 ) can be reasonably justified on the basis of the agreement of the experimental absorption peak with the value calculated by the Fiesers' rules (17) and from the SO2 data obtained. The formation of this type of structure is further supported by the observation that the intensity of the 410-nm peak increases continually with time and the yellow product formed is not extractable into immiscible organic solvents.
Recently obtained mass-spectrometric data further support the mechanisms proposed in Figure 3 . In this study, we quenched the reaction of cholesterol with Zak reagent by rapidly dispersing the acid mixture in excess alkali. The sample was then extracted with cyclohexane and mass spectra were obtained directly on the extract. Characteristic peaks were found at mass/charge ratios of 368, 366, 364, and 362-peaks that have been assigned to cholestadiene, cholestatriene, cholestatetraene, and cholestapentaene, respectively.
The largest fractions present were the triene and the tetraene. This distribution was to be expected, because the color reaction was quenched when the absorbance of the 478-nm peak was nearlymaximal.
A finalobservationsupportingthe proposed mechanisms is found in a recent investigation of the kinetics of the Zak reaction (14) . In that study the consecutive pseudo-first-order rate constants are shown to be directly proportional to the square of the Fe3+ concentration. This isexactlythe expected relationship if the function of Fe3+ is to generate double bonds for,in doing so,two electrons must be transferred for each new bond produced.
Finally, we also studied the general applicability of equivalent ratio measurements in determining the extent of the reactions of other steroids in the L-B and Zak procedures. A series of Fe2+ and SO2 determinations were made on 5,7-cholestadien-3-ol and 7-cholesten-3f3-ol, two compounds that react quite differently in these color systems. Cook (18) has shown that these steroids give about twice and four times as much color, respectively, with the L-B reaction as does cholesterol. Henry (19) , on the other hand, has reported that these same compounds give only about a third as much color in the Zak reaction as does cholesterol. As expected,SO2 was generatedsignificantlyfaster forthesecompounds than forcholesterol while,conversely, the ratesof formation of Fe2+ were much slower. In the latter system, minimun reaction times of 5 h are required to obtain the requisite values of 3 for the equivalent ratios. These times can be compared to the 30 mm necessary for cholesterol (Table 2) . Thus, measurement of equivalent ratios may provide a useful tool for studying why compounds similar to cholesterol react differwith a synthesized dimer, however, showed that its ently in terms of the colored products formed.
Although aceticand sulfuric acidsare used in different proportions in the L-B and Zak procedures, the study of cholesterol reactions in these simple acid systems provided valuable insight into the mechanisms of these reactions. One of our first experiments was to measure the absorbance spectra of cholesterol in different mixtures of these two acids.
Relative
HOAc/H2SO4
ratios ranging from 1:1 to 10:1 were used. In general, those mixtures in which the proportion of sulfuric acid was high led to products that absorbed in the ultraviolet, while those in which the proportion of acetic acid was high showed increased absorbance in the visible range. These observations are summarized in Table 4 . One of the most noteworthy features of this study was the similarity between the absorbance spectra of cholesterol in 1.5:1 HOAc/H2S04 and in the corresponding Zak mixture, in which the same ratio of these acids is used. Thus the decreasing peak at 348 nm and the increasing peak at 412 nm in HOAc/ H2S04 behave similarly to the decreasing 412-nm and increasing 478-nm peaks in the Zak procedure (Figure 2 ). According to the mechanisms proposed in Figure 3 , the conversion of the compound absorbing at 348 nm to the product absorbing at 412 nm is interpreted as the cation of 3,5-diene being oxidized to dienylic cation. Because no Fe3+ is present, we can only suggest that the oxidation is due to residual concentrations of SO3 present. However, we did not attempt to measure SO2 formation in this system.
A second distinguishing feature of this study was the finger-like peaks observed near 300 nm, which were especially apparent in 3:1 and 5:1 HOAc/ H2SO4 mixtures. Initially, we thought that these peaks reflected the possible formation of the 3,3'-bis-3, 5-cholestadiene dimer. Subsequent experiments tion.
To determine if any intermediate products could be isolated by solvent extraction and identified by uv spectrophotometry, we extracted the pre-reacted acid mixtures of cholesterol with cyclohexane.Acetic acid, which is also partially extracted and which has an ultraviolet cutoff at about 250 nm, was removed by backwashing the extracts several times with water or dilute base. The absorbance spectra were then observed to have several characteristic absorbance peaks. Only 2,4-cholestadiene (Amax = 266, 275, and 287 nm) was identified with certainty. Moreover, the orange color present in the prereacted acid layer before extraction was also retained in that layer after extraction.
In a modification of this procedure, a second series of extraction experiments was performed in which cholesterol was first dissolved in cyclohexane and these solutions were equilibrated with the acetic-sulfuric acid mixtures. In this case, spectrophotometric examination of the extracts showed that only 3,5-cholestadiene was formed (Xmax = 228, 235, and 243 nm), and we saw no color in the acid phases. In both of these studies the excellent review by Dorfman (20) on the ultraviolet absorbance of steroids proved extremely valuable. These two extraction experiments suggest that the precursor to color formation in both the Zak and L-B reactions is the initial formation of the carbonium ion of 3,5-cholestadiene, as shown below:
[+c] c#{244
The nonclassical resonance structure involving the bridgehead C-5 carbon contributes significantly to the stability of this ion. The fact that this dehydrox- ylation reaction goes easily is clearly demonstrated in the second series of extraction studies. Even though cholesterol is dissolved initially in cyclohexane, the -OH group is sufficiently polar to be protonated at the interface. Subsequent loss of water and a proton yields the 3,5-diene that is observed.
The Figure 4 . The rate of formation and the yield of 3,5-diene are greatest at the highest sulfuric acid concentration. The use of an HOAc/H2SO4 ratioof 10:1,typicalof the L-B conditions,produces dramatic decreasesin the rate and the yieldof 3,5-cholestadiene. The relative ratesobtained on these two-phase systems are believed to be significant, although the absolute rates are not di- In conclusion, new evidence has been presentedto indicate that the Liebermann-Burchard and Zak color reactions have very similar mechanisms. Following an acid-catalyzeddehydroxylation,the 3,5- Therefore, throughout this study, we tried to use cholesterol concentrationstypicalof those used in spectrophotometric analyses. This limitation precluded the use of NMR spectroscopy, a technique commonly used to identify intermediates and verify the existence of carbonium ions.
Further work isunderway to synthesizeand characterize the cholestapolyene intermediates discussed in this paper. Additional studies are intended to examine the relative reactivities and the mechanisms of the reactions of the cholesterol-like compounds routinely found in sera. Of special interest will be those compounds which yield variable amounts of color in the L-B and Zak reactions.
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